-

AD-A115 805 ILLINOIS UNIV AT CHICAGO CIRCLE ELECTROMAGNETIC IMAGI-~ETC F/G 20/14
A HIGH FREQUENCY INVERSE SCATTERING MODEL TO RECOVER THE SPECUL==ETC(U)

MAY 82 B F0O . : NOQO14~80~C=0708
UNCLASSIFIED EMID~CL~1982-05-21-01

NL
1o 2
s0a
115808




AD A115805

DIIC Lt COPY

R

COMMUNICATIONS LABORATORY

Departmaent of information Engineering
University of iilincis at Chicego Circle
Box 4348, Chicago IL 80880, USA

T DISTRIBUTION STA
Rpproved for public release;
Hetribution Unlimijpd )

[POND

- ———— o

ey
Acoustics, Electromagnetics, Optics - Circuits and Networks
Comrwnunication Theory and Systems ~ Electronic Devices

A



COMMUNICATIONS LABORATORY

Deparcment of Informati.on Engineering
Univers:ty of lhnois at Chicago Circle

; Box 4348, Chicege IL. 60680, USA
i
H
i.
i
A HIGH FREQUENCY INVERSE SCATTERING
MODEL TO RECOVER THE SPECULAR POINT CURVATURE
FROM POLARIMETRIC SCATTERING DATA
é Bing-Yuen Foo

1 Communications Laboratory Report Number
EMID-CL-1982-05-21-01

M.Sc. Thesis

May 21, 1982

o ST STATENGNT A
. <) far public 1elease;

st vatan Uniimited K

Acoustics, Electromagnetics, Optics - Circuits end Networks
Communication Theory and Systems - Eiectronic Devices




e ———

UNCLASSIFIED

E SECUMITY CLASSIFICATION OF THIS PAGE (When Data Entered)
1 READ INSTRUCTIONS
g REPORT DOCUMENTATION PAGE BEF A TR I ON S &M
' i 1. REPORY NUMBER 2. GOVT ACCESSION NO.| 3. RECIPIENT'S CATALOG NUMBER
[ EMID~CL-1982-05-21-0] piv s s
) 4. TITLE (and Subtitle) 5. TYPE OF REPORT & PERIOD COVERED
A High Frequency Inverse Scattering Model to .
Recover the Specular Point Curvature from M.S. Thesis
Polarimetric Scattering Data 6. PERFORMING ORG. REPORT NUMBER
EMID-CL-82-05-18-01
7. AUTHOR(S) 8. CONTRACT OR GRANT NUMBER(e)
US ONR NOOO14-80-C-0708
Bing-Yuen (Thomas) Foo US ARMY DAAG 29-80-K-0027
US ONR NOOO14-80~C-0773
9. PERFORMING ORGANIZATION NAME AND ADDRESS 10. PROGRAM ELEMENT PROJECT, TASK

. . .. AREA & WORK UNIT NUMBERS
Electromagnetic Imaging Division

Communications Laboratory, UIC
P.0. Box 4348, SEO-1141, Chicago, 1L. 60680

11. CONTROLLING OFFICE NAME AND ADDRESS - 12. REPORT DATE
Naval Air Systems Command May 21, 1982
Headquarters, AIR-3108, Washington DC 20361 13, NUMBER OF PAGES
Attn: Mr. James Willis 16 + 145 = 161

14, MONITORING AGENCY NAME & ADDRESS({! ditterent irom Controlling Oflice) 18, SECURITY CLASS. (of thia report)
Chicago Branch Offic?, Office of Naval Research UNCLASS IFI1ED
536 S. Clark St., Chicago IL 60605
Attn: Mr. Gordon . Lovitt e D A ICATION/DOWN GRADING

165. DISTRIBUTION STATEMENT (of this Report)

UNLIMITED

17. DISTRIBUTION STATEMENT (of the abatract entered in Block 20, if diflerent from Report)

UNLIMITED

18. SUPPLEMENTARY NOTES

The findings of this re?ort are not to be construed as an official Department
of the Navy position unless so designated by other authorized documents.

19. KEY WORDS (Continue on reverse side i necessary and identify by block number)

Specular point curvature, scattering matrix element, phase difference of
; like polarized terms, circular polarization.

ZO.yABSTﬂACT (Continue on reverse side if necessary and identity by block number)

Based on the time-domain first order correction to the physical optics
current approximation, a relationship between the phase factors of the
polarimetric scattering matrix elements and the principal curvatures at
the specular point of a scatterer is established.

(Cont inued on next page) f

DD , 05", 1473  Eoimion oF 1 NOV 85 13 OBSOLETE
S/N 0102-LF-014-660} UNCLASSIFIED
SECURITY CLASSIFICATION OF THIS PAGE (When Data Bntered)




UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE (When Date Entersd)

bl

The above phase-curvature relationship is tested by applying it to theoretical
as well as experimental backscattering data obtained for a prolate spheroidal
scatterer. The results of these tests not only determine the acceptability
of the phase-curvature relationship, they also point out the range of kb
values over which the first order correction to the physical optics currents
is valid, and which serves as a compromise range between the high frequency
condition required by the curvature recovery model and the drawback to lower
frequencies required to prevent critical magnification of measurement errors.

Another curvature recovery equation is derived by transforming the linear
polarization basis to the circular polarization basis. The curvature
recovery model is proven to satisfy the image reconstruction identities of
invariant transformation. A scattering ratio is defined and its behavior

is investigated at high frequencies. |Its plot on the complex plane provides
a simple way to help judge the accuracy of polarimetric scattering measure-
ment, regardless of whether a linear or a circular polarization basis is
used.

.

Accession Tor

NTIS GRA&!

DTIC TAS i
Unanaonn~ai
Justificetsion,

Ry . .
- R
Distribut <y
Avall-l Livr Sadag
n N Y i
Dist Lo lnd

! i
! !
I

v
T 1 A e e .-.‘_.._J

UNCLASSIFIED

SECURITY CLASSIFICATION OF THIS PAGE(When Date Entered)




A HIGH FREQUENCY INVERSE SCATTERING MODEL TO RECOVER

THE SPECULAR POINT CURVATURE FROM POLALAMETRIC SCATTERING DATA

BY

BING-YUEN FOO

B.Sc. University of Manitoba

THESIS

May 21, 1982

Submitted in partial fulfillment of the requirements
for the degree of Master of Science in
Information Engineering in the Graduate College of the
University of Illinois at Chicago Circle, 1982

Chicago, Illinois




SUPERVISION BY__Bing-Yuen Foo

ENTITLED__A High Freguency Inverse Scattering Model to Recover

the Specular Point Curvature from Polarimetric Scattering Data

UNIVERSITY OF ILLINOIS AT CHICAGO CIRCLE

THE GRADUATE COLLEGE

May 21, 1982

1 HEREBY RECOMMEND THAT THE THESIS PREPARED UNDER MY

BE ACCEPTED IN PARTIAL FULFILLMENT OF THE REQUIREMENTS FOR

THE DEGREE OF_Master of Science (Electrical Engineering)

Recommendation concurred in

7 \
Dr. Wolfgang-M. Boerner M v 7 A/ M Ay~
arge of Thesis

ang-M. Boerner ﬂ 4

Committee

Dr.

on

Final Examination

Dr.

Dr.

Dr.

D3

Jonathan D. Young (ext.) (ACCEPTED BY
CORRESPONDENCE)
Sujeet K. Chaudhuri (ext.) (ACCEPTED BY
CORRESPONDENCE)




C o e——— e

ABSTRACT

Based on the time-domain first order correction to the physical
optics current approximation, a relationship between the phase factors
of the polarimetric scattering matrix elements and the principal
curvatures at the specular point of a scatterer is established. !

The above phase-curvature relationship is tested by applying
it to theoretical as well as experimental backscattering data
obtained for a prolate spheroidal scatterer. The results of these

tests not only determine the acceptability of the phase-curvature

relationship, they also point out the range of kb values over which
the first order correction to the physical optics currents is valid,
and which serves as a compromise range between the high frequency
condition required by the curvature recovery model and the drawback
to lower frequencies required to prevent critical magnification of
measurement errors.

Another curvature recovery equation is derived by transforming
the linear polarization basis to the circular polarization basis.
The curvature recovery model is proven to satisfy the image reconstruction
identities of invariant transformation. A scattering ratio is defined
and its behavior is investigated at high frequencies. Its plots on the
complex plane provides a simple way to help judge the accuracy of
polarimetric scattering measurement, regardless of whether a linear or

a circular polarization basis is used.
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CHAPTER |

INTRODUCTION AND LITERATURE REVIEW

1.1 Introduction

When a conducting object is illuminated by electromagnetic
radiation, in general, radiation is scattered in all directions
by the object. The problem of direct scattering is that of determining
the scattered field in all directions when the properties of the
incident field as well as those of the object are known. The problem
of far-field inverse scattering is defined as that of extracting
the geometrical properties and/or reconstructing the shape of the
scatterer under interrogation, given the incident field within the
neighborhood of the scatterer and the scattered far field. This problem
is fundamental to problems such as radar target classification,
discrimination and identification in remote sensing and surveillance
{Boerner, 1978, 1980).

It has been demonstrated that an electromagnetic scatterer
acts as a sensitive polarization transformer, depending on its profile.
Thus, depolarization effects must be taken into account in this
problem of vector nature. Sinclair (1948) introduced the scattering matrix
of a radar target for complete depolarization characterization. The
question then arises as to what geometrical properties of the surface
profile of the target may be ~2xtracted from the scattering matrix
of the target. A study of differential geometry reveals that for a
smooth, convex shape, there exists a pair of lines of principal
curvatures orthogonal to and intersecting with each other at any

specular point on the scatterer's surface. Since the principal




curvatures at a point totally determine any other normal curvatures

at the same point, these two principal curvatures serve as a complete
curvature characterization at the specular point of the scatterer.

It will be shown in this thesis that if the polarization of the
incident magnetic field is in one of the directions of the principal
curvatures at the specular point of interest, then the cross~polarized
backscattered returns vanish. This kind of null polarizations generates
the idea that the principal curvatures are possibly related to the
non-zero co-polarized backscattered returns, and it also generated many
recent studies in radar polarimetry. This specific degeneracy of target
depolarization phenomenology provides the initial motivation for writing
this thesis.

1.2 Literature Review

Inverse techniques cover a vast amount of literature and they
have been developed in many otherwise diverse fields of physical
sciences where the characteristics of a medium are estimated from
experimental data, obtained from measurements made usually at a
distance from the medium, utilizing the laws th~t relate these
characteristics to the experimental data in a given situation. The
inverse problem of electromagnetic scattering has not been solved
in the general case. Stringent requirements are often needed to be
kept on the shapes of the scatterer to be recovered and on the
operating frequency range. Moreover, the existing solutions generally
demand an exhaustive amount of input information of as many aspects

and frequencies as possible. There are many approaches for obtaining




approximate solution to the electromagnetic inverse scattering problem.
The following only highlights the ramp response approach and other
specifiE approaches which have been proven successful and potentially
promising for future research, and which are directly relevant to this
thesis. An excellent and quite complete review of electromagnetic inverse
problems is given in Boerner [21]. .
Kennaugh, Cosgriff and Moffatt have introduced the use of the
impulse response in electromagnetic scattering problems [10,12]. Using
the physical optics approximation, it was shown that the impulse response
of a smooth conducting object is directly proportional to the second
derivative of the cross-sectional area of the scatterer. This remarkable

high frequency inverse scattering identity is known as the Kennaugh-Cosgriff

formula [10]}. The area profile can thus be recovered from the ramp response,
since the ramp response is then directly proportional to the cross-sectional
area rather than its derivative (Kennaugh and Moffatt, 1965). Young [22]
used the ramp resnonse synthesized from complex scattering data at ten
harmonically refated frequencies in the target's low resonance regime to
estimate the area function, from which a '"likely image' of the target was
generated at three orthogonal look angles using his approximate limiting
surface technique. The images obtained are decent, but in general they are
not uniquely specified since more than one shape satisfies any three
look~angle area function set.

A more systematic approach was carried out by Das and Boerner, who
showed that the reconstruction of a smooth conducting target, convex in
shape, can be considered as a two-step process: (i) an electromagnetic
step of obtaining suitable radar measurables from which one can make

an estimation of a geometrical function of the conducting scatterer; and




(ii)a geometrical step of reconstructing the shape and size of the
object from the knowledge of the geometrical function estimated in
the first step. With the Radon transform concept, they showed that
the inverse three-dimensional Radon transform of the cross-sectional
area of a scatterer is simply the target's characteristic function,
which is a complete specification of shape. The area function can,

as in the previous approach, be estimated by the ramp response method
(Boerner, 1980). Thus, the electromagnetic inverse scattering problem can
be formulated as the classical Radon problem, Moreover, they also
indicated that the classical Radon problem is intimately related to
the problem of reconstruction from projections which has long been
investigated and applied in diverse fields, particularly in Computer-
Assisted Tomography. Thus, the many reconstruction techniques and
algorithms well developed in other fields can be applied in radar
target imaging as well.

A solution for the inverse scattering problem using the space-
time Integral equation was reported by Bennett et al [23]. The
technique developed was iterative and restricted to the class of
rotationally symmetric conducting targets. In this approach, the
inverse problem is formulated as an inversion of the space-time
integral equatinn., The shapes reconstructed are excellent for this
simple class of shapes, but no extension to more general shapes has
been made recently.

An important aspect of electromagnetic inverse scattering is

to incorporate the problem with utilization of polarization. A




monostatic inverse scattering model based on polarization utilization

was developed by Chaudhuri and Boerner [2,17,24]. In brief, approximation
was made of high frequency scattered fields and an equivalent ellipsoidal
model was developed. The utilization of the space-time integral equation
and Minkowski's theory lead to a system of equations for the recovery

of the surface profile. The numerical technique is iterative, and when
the curvature difference at the specular point approaches to zero, the
recovery of that particular point is not possible; the system of the
recovery equations also becomes ill-conditioned even if the curvature
difference is small.

Based on the first order polarization correction to physical
optics [8], Ho graphically reconstructed the shape of a sphere-capped
cylinder with polarization correction incorporated into the Radon
transform approach [25,26]. The results show that the quality of
images are significantly improved with polarization correction. It
must be noted here that Ho took advantage of the plane symmetry of
the sphere-capped cylinder, and reduced the Rador transform by one
dimension. In this class of objects, the two-dimensional inverse
transform of the area function normal to the equatorial plane gives
the width perpendicular to the plane. The width over this plane of
symmetry is actually a complete specification of the shape. Since
in the two-dimensional case, the Radon transform becomes the
projection, thus the filtered back projection algorithm was directly
borrowed from the theory of reconstruction from projections (Shepp
and Logan, 1974).

In this thesis, a high frequency inverse scattering model is




developed for the recovery of the specular point curvature from

polarimetric scattering data. Not only does the model show that the
specular geometry can be directly extracted from polarimetric

data, but it also contributes in viewing the electromagnetic
inverse scattering problem as one of reconstruction from

curvatures in differential geometry. In the introduction of the

next chapter, the main objective of this thesis will be clearly

specified.




CHAPTER 11

THE SPACE-TIME INTEGRAL EQUATION AND FIRS| ORDER CORRECTION
TO PHYSICAL OPTICS

2.1 Introduction

In recent years, due to advances made in radar technology, it
has become possible to measure the complete relative phase scattering
matrix of an object reliabiy [1,2,3]. Thus the utilization of these
polarimetric scattering data in radar target identification or
discrimination and in other inverse scattering applications has
become of considerable interest in current theoretical and experimental
research efforts [1-7). The main objective of this thesis is to
investigate the information content of the scattering matrix [S], on
the shape, size, curvature, etc. of a scatterer, when it is given
for the monostatic case and in the high frequency region (i.e. the
wavelength of the interrogating signal is small compared to the
object characteristic dimension).

The scattering matrix [S], which manifests total polarization
information for a fixed frequency and a given aspect, is comprised
of four measurable complex elements (four magnitudes and four phases).
It will be shown here that the difference in suitable phase terms
in this matrix, under the high frequency interrogation conditions,
can lead to the recovery of the difference in principal curvatures
at the specular point, from a given general [S! matrix. This procedure
avoids unitary transformations used in the pursuit of cross-polariza-
tion nulls required in certain radar target identification techniques
[3~5]. The underlying concept used to achieve the above results is

based on Bennett's first order tfar-field polarization correction [8,9]




to the Kennaugh-Cosgriff's physical optics formula for the electro-
magnetic backscattered field [10,11].

In this chapter, the space-time integral equation, and how it
is used to obtain a first order correction to physical optics, is
discussed so that later, in Chapter {il, its possible extension to
obtain higher order correction terms can be presented clearly. The

relationship between the principal curvatures and the general [S]

matrix is also developed in Chapter II!. A discussion of numerical
verification with theoretical as well as measured data is given in

Chapter V.

2.2 The Space-Time Integral Equation

An electromagnetic wéve incident on a perfectly conducting
body induces currents on the surface of the scatterer, which in turn
radiate and produce the scattered field. The current distribution

produces a vector potential given by

J(rit)

> _ 1
Kp(r,t) =5 ffs

> > >
where J(r,t) is the induced surface current density at time t, r is
the position vector to the observation point, r' is that to an integra-

. . > > . o .
tion point, R = [r - r'[, T =1t - R/c. The geometry is iflustrated in
Figure 2.1.

>
The total magnetic field H is equal to the sum of the incident

field ﬁi and the scattered field ﬁs due to J,

-

Hi{r,t) = Hi(?,t) + ﬁs(?,t)

> >
where Hs(r,t) =V x Kp




scattered

wave

incident
wave

scatterer's
surface

Tlgure 2,1 Geometry for the Derivation of the
Space-Time Integral Egquation

(Redrawn after Bennett, "Time Domain Solution Via
Integral Equations--- Surfaces and Composite Bodies'
July 1979)




10

=g /o, L) x ag st (16

The operator L is defined as 1/R2 + (1/Rc)3/51, and éR is the unit

vector of R. An expression for J can be obtained by shrinking the

observation point to a point on the scatterer's surface under a
limiting procedure. For the case of a perfectly conducting scatterer,
the H-field boundary condition (j = én x ﬁ), with ;n being the unit
outward normal vector to the surface, can then be invoked to vield

a vector integral equation as shown in Bennett [23]

n ‘i 5 ffs a, x {(ZJd(r',1) x ag' ds' (2.1)

The first term on the right-hand side of (2.1) is identified &, the
physical optics approximation and is also the source term, whereas
the second integral represents the contribution of retarded currents

at points on the scatterer's surface other than the observation point

P(F) i.e.

J(F,0) = J__(F,t) + J.(r,0),

po

1
2T

>

x {Lj(r',r) X éR} ds? (2.2)

> —> ~
with Je(r,t) = ffs a,

being the correction to the physical optics current jpo' For the far

scattered magnetic field (ﬁs), with R > r, it can be shown that [8]

> _ 1
roHs(r.t) =T I/

=23

(3,1 x 3, ds! (2.3)

where o is the radar range. Using (2.3), the physical optics approxi-
mation for the far scattered impulse response field was derived [8,23]
and Is equivalent to the Kennaugh-Cosgriff formula [10-12] which can

be written as

"f-----l---I--lIlIIllIIIllIlllllIIlllllllllIIlIlIIIIIIIIIIIIIIIIIIIIII“




>

r H
o s{po

> 1 42 .
,t) = — At ,
y(rat) = 5~ g2 ) 2H; (2.4)

where éH- is the unit vector in the direction of ﬁiv and A{t) is the
i

silhouette area of the scatterer as delineated by the incident impuls-
ive plane wavefront moving at halt the free space veiocity, c.
Discussion here is restricted to the iliuminated side of a smooth,
conducting, convex object.

Since the impulse response given in {2.4) depends solely on
the area function, it manifests no depolarization effects. Depolariza-
tion effects were taken care of by Bennett et al [8,9] in their first

order correction to physical optics approximation.

2.3 A First Order Correction to Physical Optics Using the Space-

Time Integral Equation [8]

To obtain an analytic expression for the first order correction
to the physical optics far field, the correction to the induced
surface current needs to be considered first. The integral in (2.2)
cannot be handled analytically without the knowledge of the geometry
of the scatterer. Yet the integration can be carried out over a
patch, SC, around the specular point, assuming the patch being so
small that it is virtually flat. The contributions of retarded
currents outside the patch and effects such as creeping waves are
fgnored to avoid the total surface integration. Under this ''leading
edge' simpiification, the first order correction obtained is valid
and accurate towards the high frequency end of the phasor frequency
response.

The expansion of the vector triple cross-product in (2.2)

yields the first order correction current
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A

1 - ~ e . St
- IISE[LJu(r',r)][(an . apla) - (ap . a')ag] ds’

Pl

J ) =
pol\r’t )

1

* 2

g 1Ly (F 1) 1 (a

€

. éR)é¢ - (én . é&);R] ds!

where the primed quantities are associated with the integration point P'(?'\

and a,» a, are the unit vectors tangent to the principal curves at

v

the point of interest. The geometry information embedded in a - éR
-5
r

can be extracted by expressing QR = (f - ¥')/R in a Taylor series

expansion as follows:

>, ->
r - r

—'A'IAV
Uu \"

+ gy 7y, (02 + 27 (au) (av) + 7, (av) 2]

N

.I...

+ 3% [F e (B0) 3 + 37, (0u)2(av) + 37 (au) (av)?

uuu uvyv

* rVVV(AV)B]

-+

where ?u = %&, etc. The above series describes any neighboring point
(Au,Av) in the vicinity of ¥ in terms of the derivatives of v at the
specular point. The geometry of the small patch is thus extrapolated
in terms of the properties of the surface at the specular point.

The scalar product of én and éR expressed by a series truncated
at second order (i.e. terms (Au)2 and (Av)2, etc.) introduces (E, F,
G) and (L, M, N), the coefficients of the first and second fundamen-
tal forms of the surface ?(u,v) [13,14]. Tn simplify the algebra,
the principal curves are chosen as the parametric curves to represent

the curvilinear mapping T(u,v) for the surface of the patch, thus




forcing F and M to zero [8,13,14]. The principal curvatures along

a, and év at the specular point are obtained as [13]

_ L
Ky = E
N

K =%

respectively. Finally, LJU(?',T) and LJV(?',T) can be approximated

as Ju(?,t)/R2 and JV(?,t)/RZ, respectively, by assuming that the
currents are spatially constant on a small, flat, circular patch

of radius €, With the procedure outlined above the analytic expression
arrived at in [8] is

Ky - Ky

J (0 = [ag,(F0) - a9 (F,0)] —— (2.5)

o]

The corresponding first order far-field impulse response correction
was obtained by assuming physical optics currents for Ju and Jv in
the above equation and then substituting it into (2.3). A crucial
assumption made in [8] is that the patch radius €, increases linearly
with time t, spreading from the specular point at the leading edge.
The final expression for the first order correction to the scattered
far field is

K - K

-> u v ~ : 1 {
)(r,t) =5 [auHui - aVHviJ FrS (2.6

-

roHs(pol

where Hui and Hvi are the components of ﬁi in the directions of a
and év’ respectively.

It is clear that the first order correction exhibits
depolarization effects, which are proportional to the difference

in the principal curvatures at the specular point. Moreover, the

4
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first order correction takes the functional form of the first
derivative of the silhouette area function A(t), whereas the
physical optics far field, which exhibits no depolarization
effects, takes the functional form of the second derivative

of A(t). The practical aspects of using this first order
correction in geometry extraction (curvature difference at the

specular point in this case) are analyzed in the next chapter.
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CHAPTER 111

CURVATURE RECOVERY FROM HIGH FREQUENCY [S] MATRIX ELEMENTS

3.1 Derivation of the Phase-Curvature Relationship

The polarimetric scattering data measured with a monostatic

radar system are given by )

je %2
s s s, 111 s le

jo je
21 %22 [Syy1e7721 sy, le 722

The general polarization geometry with respect to the principal
directions at the specular point is shown in Figure 3.1. The elements
S]] and 522 represent the backscattered signals when the transmitted
and the received polarizations are identical, i.e. 51 and 52,
respectively. On the other hand, S]2 and 521 represent the cases
when the transmitted and the received polarizations are orthogonal
to each other (transmit-é], receive-é2 > 321, etc.). In order to
relate the measurable [S] matrix to the theory presented in Chapter
{1, the total physical optics scattered far field (i.e. the physical
optics and first order correction) is transformed from the time (t)
domain to the frequency (k, the wave number) domain by using

Fourier transformation. In the time domain, combining (2.4) and (2.6),

the total high frequency scattered far field is

>

2
P WL B - 5 d
roHS(r,t) 7T 32 A{t) aHi M e e A(t)

) a.] (3.1)

) a, - (aHi. a

(3 - 3,

The Fourier transform of (3.1), with the initial condition

A_(0) = {F.T.[A() ]} =0,

2 k=0




— — = lines of principal
curvatures

transmitting or
receiving basis
vectors

Figure 3.1 Specular Point Coordinate Systems
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yields
ey (P = gt (A () &y
Ko~ K, .. o
+ GRIAL(K) ~p——[(a, - aJa, - (3, . a,)Ja,] (3.2)
!

where AF(k) = F.T.[A{t)].

From the geometry in Figure 3.1, it is seen that

a, = sina a_ + cos a a and
1 u v
R . . (3.3)
a, =cos aa - sinao a
2 u v
For measuring S‘l the transmitter polarization becomes éH_ = 3‘, and
i
the receiver polarization becomes éHr = 5‘. Thus, using (3.2), one
has
~ >
Syp = Ay (rH)
1 v 2 ~ -
=5 (jk) AF(k) (a‘. a,)
K, - K, .
+ GR)A k) == [(a,. a)) (a;. a))
- (ay. av) (al. av)] (3.4)
Simitarly, for 522, aHi = az, aHr = ayi for SZ!’ aHi =a,, ay. = 8,
and for 512, aHi =a,, 3, = a,. Now using (3.2), (3.3) and (3.4},
one gets (ignoring scale factors)
1 2 Ku j Kv
Sip = 3 URA(k) - ()AL (Kk) —p— cos 2a (3.5)
{ 2 Ku - K,
S,p = 5= (K TAL(K) + (jKIAL(K) ~p— cos 2a (3.6)
Ku - KV
521 = ()k)AF(k)-——E—;—— sin 2a {(3.7)
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S., =S5 (reciprocity satisfied)

Using (3.5) and (3.6), it can be shown that

K-k ;K S Sy
2 cos 2a 511 + 522
k 1 - X
= - (3.8)
cos 2o 1+ %
where k = ReJ¢d
i
S

Is : -
= SZZI e (25 = 44y)
1

It is clear that in order for the equality in (3.8) to hold true
and therefore represent a physical case in which (Ku - Kv) is a

real number, one needs

1 -8 2

Re = 0, implying 1 - R =0 (3.9)

e

1 +

where Re stands for real part.
Thus for (3.8) to represent a physical situation, the condition
required is

1S5,
22 . . = !
R = 5] = 1, implying ]SZZI = [S]]|

From electromagnetic scattering theory, it is known that the above
condition is attained at relatively high frequencies (i.e. physical
optics to geometrical optics region). It is interesting to note

that algebraic manipulation of (3.8) independently points out that
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it is a high frequency formula which is, of course, true since
the physical optics approximations for the scattered fields are
being used.
With the condition (3.9), now (3.8) can be written as
Ku j Kv k
By - R (3.10)
Where ®d = ¢22 - ¢l1'
In the rest of the text, the above expression will be referred
to as the '‘phase-curvature'' relationship.
For the inverse scattering applications o is an unknown
quantity (Figure 3.1). Thus, before (3.10) can be used to recover
the curvature difference at the specular point, a needs to be
determined. For this purpose, consider
Ku - KV
521 _ ——T—SIH 20.
511 ) Ku j Kv
(jk) - —5— cos 2a
from (3.5) and (3.7). Using (3.10), one obtains
So1 . (tan 20) (tan (¢d/2))
S tan (¢d/2) + ]
1 -1 S
a = 7 tan {§—(1+jcot (“»d/z)) } (3.11)

1"

Once again for a to be a real angle (and therefore representing the
given physical situation) one needs

=—=D_ (1 - j cot (@d/Z))

SZI
311 o




where D, is a real number.

0
Using (3.11), without applying any unitary transformation,

the cross-polarized nulls of a given scattering matrix are known.
Two special cases of (3.10) are when a = 0, or /2 (i.e. the

incident linear polarization coincides with one of the directions of

the principal curvatures at the specular point). For these special

cases, there is no depolarization of the energy in the backscattered

521 = 512 = 0). The corresponding [S] matrix is referred

to as the cross-pol. null scattering matrix. The phase-curvature

direction (

relationship becomes

(3.12)

In chapter v, the validity of (3.12) will be numerically tested

with both theoretical and experimental scattering matrix data.

3.2 Numerical Analysis

In this section, a numerical analysis of applying the
phase-curvature relationship on the polarimetric scattering matrix
of a prolate spheroidal scatterer is presented, The 2:1 prolate
spheroid was used as a test case because of its well-defined finite
curvature difference at any point on the surface and also because
the theoretical as well as experimental data over a large range of
frequencies were readily available for this object. For the time
being, since both theoretical and experimental data are available
only for the special cases in which the incident polarization
coincides with one of the directions of the principal curvatures

at the specular points (i.e. points on the equator of the prolate

20
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spheroid (Figure 3.2)), equation (3.12) rather than the more general
phase-curvature relationship (3.10) is directly tested. fn these
cases, the incident polarizations are along the vertical and horizontal
directions. To verify the theory of curvature recovery, it is essential
to check
(i) whether the right-hand side of (3.12) will approach the actual

value of (Ku - Kv)/Z for a given equatorial specular point as

k increases;
(i1) whether k Re { (1 - ¥)/(1 + 3) )} will tend to zero despite that

k increases;

(iii) whether the imaginary part of k { (1 - %)/(1 + %) }owill

settle to the constant value of (Ku - KV)/Z;

A more interesting and compact presentation of results is to
plot the right-hand side of (3.8) on a complex plane (i.e. the
imaginary part versus the real part of { k (1 - ¥)/(1 + %) }. 1t
is predicted that this scattering chart will be a spiral which, as
frequency increases, will converge to (or hover around) a point on
the imaginary axis. The distance of this point on the imaginary
axis from the origin will be equal to the required value of (Ku -
Kv)/2 for the specular point of interest. It is expected that this
complex plane plot will be particularly useful when the input data
are not very accurate and are noisy (measurement data). In the above
tests, the exact value of the curvature difference Ku - KV has been
calculated by using Minkowski's support function for ellipsoidal
surfaces [17]. Another way is through the use of differential

geometry (Appendix |). The value of k is normalized with respect
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Figure 3.2 Incidence for Equatorial Specular Point




to the length of the semi-minor axis of the prolate spheroid.

It is useful to consider the following types of measurement
errors for the interpretation of the numerical results and the
explanation of the deviation from theoretical prediction given in

chapter V.

3.2.1 Relative Phase Error between TE and TM Incidences

If the target is not illuminated simultaneously with TE
(vertical) and TM (horizontal) polarizations, then even an offset
of one millimeter between the separate positions of the same antenna
along the direction of incidence will cause phase distortion of
about ten degrees to the phase difference (Ovv - th) at a frequency of

4 GHz. If, however, the target is slightly displaced in the direction of

propagation with the TE and TM measurements simultaneously made, then both
Ovv and $hh are distorted to the same extent. Thus the relative phase
difference and the subsequent calculations are not affected at all.

To investigate how the scattering chart is affected assuming
that a relative phase error of e radians does occur, the complex

ratio (1 - X)/(1 + B) can be broken down into its real and imaginary

parts, with Qd replaced by(éd +e).

1- B8 1 - R?
Re = be

1 + K

1 -3 -2R sin ( oq * e)
Im y = e

1+ R

N

where De = 1 + B~ + 2R cos (¢d + e). Note that a spheroidal wave function
expansion could be used for error estimation.

It is obvious that the real part is much more resistant to ﬁ
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changes caused by the error e than the imaginary part. Thus the

spiral will become a helix elongating mainly along the imaginary
axis and away from the exact value of (Ku - Kv)/2. in Chapter V,
the relative phase error will be simulated within the set of

theoretical data.

3.2.2 Rotation of Target with respect to Incidence Direction

If the target is rotated with respect to the direction of
incidence (i.e. the incident polarizations are not along the
directions of principal curvatures), then it is the general
phase-curvature relationship (3.10) which should be tested instead.
Hence, a multiplicative factor of cos 2a (Figure 3.1) will account
for the sole effect of rotation error. The scattering chart will

retain its spiral shape however.

3.2.3 Canting

If the target is slightly canted with the z-axis still being
horizontal, then obviously the effect will be that which resulted from

changing the aspect angle ¢ (Figure 3.2).

3.3 Discussion of Second Order Corrections to the Physical

Optics Approximation

The first order correction to the physical optics approximation
due to Bennett et al [8] has been shown to be proportional to the
difference in principal curvatures and to have the functional
form of the first derivative of the silhouette area of the target.

It might be expected that more geometry of the specular point can
be identified by extending the first order correction. For a general

case in which (Ku - Kv) is not zero, geometrical parameters, such as




derivatives or mixed derivatives of principal curvatures, torsion

of the principal curves, etc., can appear in the second order
correction term. Another motivation in the pursuit of the second
order correction is the possible relaxing of the high frequency
restriction required for the validity of the first order correction

term. In order to elaborate on this conjecture, note that, since
d2A

d:2

of the physical optics term corresponds to (jk)ZAF(k) in the
frequency domain, and %% of the first order correction term
corresponds to (jk)AF(k), there might be a trend that higher order
corrections become more dominant (important) for lower frequencies
within the high frequency realm of physical optics.

One approach to the problem of extension is to take into
account the higher order derivatives of ?(u,v) that were truncated
in the first order correction. The first order term has been
obtained by retaining the second order derivatives of r with respect

to u and v. To obtain the second order correction term, the integrand
in (2.2) for je has been expanded with inclusion of the higher order
surface derivatives of ?. After some algebraic manipulations, the

-

integrand was written as a sum of several terms like a; a, Ly

>

Foyt (up to the third order derivatives) multiplied by the powers

of Au and/or Av. This is expected since these vectors introduce the
higher order depolarization concepts. In contrast, the first order

correction term is in the directions of éu and év explicitly.

> ~

> -
The vectors such as ruu’ r , etc. can be resolved in au, a

uv \"

and én directions by introducing the Christoffel symbols through the

use of the Gauss and Weingarten equations in differential geometry
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[12,13]. These Christoffel symbols depend on the basic geometric
parameters of the surface, namely, (E, F, G) and (L, M, N). All
terms in the én direction can be neglected on the basis 6f
physical considerations that the induced surface current cannot
have a component in the normal direction to the surface. The

appearance of the ;n term is due to the truncation of the Taylor series.

The totality of all terms in the series should, in theory, nullify
the current component in the ;n direction. Since the depolarization
derivative vectors, and hence the Christoffel symbols, are all
evaluated at the specular point, they can be taken outside the
surface integral in (2.2), which then is written as a sum of
integrals of the type

2 4
(AU) ' AV) |
ffs —;g—— das' , ffse i;E—— ds' , ... etc.

€

For direct scattering problems the integration may yield complicated
analytic solutions despite the fact that S. is known. For inverse
scattering problems, where S. is unknown, the integration may be
approximated by assuming a flat patch for S_. Since the Taylor
series dictated a small patch, leading edge effects and thus the
high frequency restrictions must be adhered to. An approximate
expression for js can thus be obtained by choosing a circular

patch of very small radius € as the most simple case. However,

the expression thus obtained has been found to have a factor of

503 in contrast to €, in the first order correction. The relatively

small value of eZ compared with €, renders the expression for the

second order correction current thus obtained insignificant. The




far~-field correction term corresponding to this second order
current term then has very little significance in comparision
to the physical optics or the first order term, and therefore
is of little consequence to most practical situations.
Nevertheless, it is suggested that one may assume some
simple known curved patch (instead of a flat patch), and take
into account the whole vicinity of the specular point rather
than only the point itself, in further pursuit of specular

geometry through the backscattered leading edge returns.

27
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CHAPTER IV

THE HF CURVATURE RECOVERY MODEL AND THE TRANSFORMATION INVARIANTS
OF THE SCATTERING MATRIX '

4.1 Relation to the Transformation Invariants of [§]

The scattering matrix [S(A,B)] with respect to an orthogonal
basis (A,B) can be transformed to [S'(A',B')] with respect to another
orthogonal basis (A',B') through a wunitary transformation [18,19,

20]. The transformation is invariant and satisfies [3,38]

Span {[S(A,B)]} = Span {[S'(A',B')]} = invariant (4.1)
and Det {[S{A,B)]} = Det {[S'(A',B'")]} = invariant (4.2)

where Det stands for the determinant of the scattering matrix and the
span is defined in the following.
Applying equations (3.5 - 3.7) for a basis (A,B) with

polarization angle o (Figure 3.1),

Span {[S(A,B)]} = ]SAA[2 + ]SBB]2 + 2|SAB|2
= G4 A )%k - K”—-z-—Kl cos 2a|?
+ @ AP A ) ]k + K—Zﬁ cos 2u?
+ 2(;—n)2k2lAF(k)]2[—K—u—é—l-<l sin 20]2

K K
20028 [a (k) 1207 + [ )2y | (4.3)

which is independent of «.
For a given frequency (high enough so that the theory is
valid) and a given aspect, the right-hand side of equation (4.3)

is indeed invariant.

EEN——




h—-——-ﬁ v

29
Similarly,
Det {[S(A,B)]} =5..S._ -5 2
’ AA®BB ~ “AB
K - K 2
= 2GR 22 (K2 - (Y] (cos?a
K - K 2
- sinZa)?) - (;—ﬂ)z(jk)zAg(k)[—u-z——!-] sin?2a
K - K 2
= (1.4y2,2,2 2 u v
= (2“> k AF(k){k + [———§—~—] } (L.4)

which is also invariant and independent of «a.

Hence equations (4.3) and (4.4) are the high frequency versions

of the invariance equations (4.1) and (4.2).

4,2 The HF Scattering Ratio

It is interesting to define D (referred to as ''the HF
scattering ratio' in this thesis) as the ratio of Det {{S(A,B)]}

to Span {[S(A,B)]},

2

) SAn°BB ~ AB

DTS e IslZ e 2ls )
AA BB AB
2
) A (k)
=T
2|A- (k)|

= 0.5 ¢/2° (4.5)

where 6 = Arg AF(k) = the phase of AF(k) (4.6)

For the case in which incidence polarization is along one

of the directions of principal curvatures, ‘SAB‘ equals zero. Let SAA be

|SAA|e”’AA and so on, thus
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. + )
i lSAA"SBB] eJ(¢AA ¢B8

- 2 2

$ap * 0
Thus © = Arg A (k) = 2288 (4.7)
nd ISanl 15gg! 1 |
|SAA|2 . ISBBIZ 2 , which requires that lsAAl = ;SBB|. This

condition is consistent with high frequency electromagnetic scattering.

Returning again to the general case in which ISABI #0,

S 2

- - J(opn + 988) - ¢ (2.)2¢pB
SanSes ~ Sa = 1SaallSgsle Sal e

(|5AA||SBB|C05 (pn *+ ¢BB) - iSAalzcos 2¢pp)
. : 2 .
+J(ISAA,|SBBlSln (opn + ¢8B) - ISABI sin 2¢pg)

Considering amplitude only,

2 2 _ 2 4 3
U Ispal“Isggl™ = 2ISal1sygl1Spg17 cos (s, 4050-20,0) + 5,017 )
2 2 2
ISpal” * 15ggl” * 215,
=1
2
The above equation is an identity, if
(i) 1Spal = [Sgg! (4.8)
(i1)  ¢p * ¢gg = 2045 =7 (4.9)

simultaneously hold.

Again, (4.8) is consistent with high frequency scattering.

It should be noted that when (jk) is neglected compared to




|
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(jk)2 in (3.5) and (3.6) for high frequencies, both (4.8) and

particularly (4.9) resuit. Hence, in general,
[Df = 0.5 (4.10)

is not a trivial result merely from (4.8) as in the previous
special case, but rather a consequence of the first order correction

to physical optics.

4.3 Interpretation of the HF Phase Sum (¢AA )

* g

From the above analysis, with only the phase being considered,

it is found that

tan 26 = tan 2(Arg AF(k))

. 2 .
ISAAllsBB[ sin (¢AA + ¢BB) - 'SAB, sin 29,0

] 2
|SAAI|SBB‘ cos (¢AA + QBB) - ISABI cos 2®AB

Assuming (4.8) and neglecting | compared to \SAA], the above

Sps!
equation becomes (4.7), which is now also valid for the general
case. lts yalidity enables the phase sum (¢AA + ¢BB) to be inter-

preted as twice the argument of the Fourier transform of the

silhouette;area of the target within the high frequency range.

.4  Numerical Analysis

If the real and imaginary parts of D, the scattering ratio,
are plotted on a complex plane, a circle of radius 0.5 will be
expected for high frequency polarimetric data input. Since phase
changes rapidly with frequency, a circle rather than a cluster of

points of phases about 2 Arg AF(k) will appear. This, and a direct
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plot of [D| versus k will be shown in Chapter V. One significance of
these plots is to check the accuracy of experimental polarimetric data
of high frequencies by observing the deviation from the perimeter of

the circle of radius 0.5.

4.5 Transformation to Circular Polarization Basis Vectors

The orthonormal vectors along the horizontal and vertical

directions are usually chosen as the polarization bases (denoted

by (ﬂ,@)) for both the transmitting and the receiving systems. However,

a circular polarization basis pair may also be used [36,40], particularly
in radar meteorology, in which circular polarization has a particular
appropriateness on account of the direct correspondence between the

mean orientation angle and the relative phase of received circular
polarization components[29]. Circular polarization has also been utilized
in the backscatter measurements of dielectric spheroids {32,33]. One

way to investigate the form which the phase-curvature relationship may
take in circular polarization basis is to transform [S(HV)] with respect
to the linear basis (9,0) to [C{RL)] with respect to a circular polarization
basis (ﬁ,L) (31,6,27]. Such transformation of [S] depends on the

specification of the transformation of (ﬁ,@) to (ﬁ,i) by a matrix [T(RL;HV)]:

~

H
= [T(RL;HV)] (4.11)

-

v

x>

—>

where L and R denote the left-circular and right-circular polarization
vectors, respectively. The left-circular and right-circular senses are
defined in Figure 4.1. In general, the transformation of the linear basis
(ﬁ,@) to any other orthonormal basis (A,é) (not necessarily circular

polarization basis) through [T] must satisfy the normalization requirements
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H H = 1
v v = 1
A A = 1
B B = 1
and the orthogonality requirement
H v = 0 |
A B = 0

These requirements can be shown to be mathematically equivalent to

which satisfies the definition of a unitary matrix. Hence [T] is a unitary
matrix, and its most general form can be written as [30]

e?¥1 cos 8 %2 sin
-e3%3 sin g el cos 8

with ¢2 - ¢1 = ¢4 - ¢3. The most general basis (A,é) is an elliptic

one. When all phases are set to zero, [T] is just an ordinary rotational
matrix which rotates (ﬁ,g) to another linear basis by an anglie 8. An
example is given by the invariant transformation described by equations
(4.3) and (4.4), which shows from the curvature recovery model that

rotational *ransformation alone renders the invariants independent of

the polarization angle (Figure 3.1). A more general case can be given
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by, for instance, setting
3 =n/h
‘:)-l = \bl’ = 0
‘bz = '¢3 =1n/2
The corresponding [T] then becomes
! J
[T] = 75 : (4.12)
j 1

and the corresponding (A,B) reduces to a circular polarization basis

>

b - 2
—
—
x

N

v

—
e
ju—

By limiting the transformation from (H,V) to circular polarization
basis only, any polarization vector can then be expressed in terms
of either basis. For instance, the incident electric field polarization

vector E! can be written as

where the linear phasor compeonents EA, E& can be related to the
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clrcular phasor components Ek, EL as follows

= [T(RL3HY) ] . (4.13)

where the symbols * and | ]T denote conjugation and transposition,
respectively. In (4.13), the incident polarization vector can be

regarded as being transformed in changing the polarization basis as speci-
fied by the unitary matrix [T] given by (4.11). The scattered
polarization vector ES can similarly be transformed. ES and Ei can

both be specified in terms of the circular polarization basis. Yet,

it is preferable to use distinct systems of unit vectors to specify

the incident and scattered fields, so that right-hand elliptical
polarization may have the same sense with regard to the coordinate

system for incident radiation as it does with regard to the coordinate
system for scattered radiation [30,7] (Figure 4.1). If (4.11) is prescribed for
the incident system, the desired similarity of sense for the two

coordinate systems can be accomplished by writing

x>’

o
w

= [T(RL;HV)] (4.14)

>
>

for the scattered system. Because of the conjugation now introduced,
the relative phases in [T] are negated, and thus the sense of rotation

is reversed. Also, it follows that

)x}
s

—
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target \\

scattered
system

Right-circular sense
w.r.t. scattered system

Right-circular 7§
sense w.r.t.

incident system~

/(‘
.\O Iy .
N ’$'£9 w.r.t.--- with respect to
v D o
KL
/Qk >
} » H
incident
system

Figure 4.1 Incident and Scattered Coordinate Systems
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On adopting this choice for the circular polarization basis of the
scattered field, (4.15) follows from (4.14), with the double conjugation

being ignored,

EX Ey
= [T(RL;HV) ] (4.15)
g3 E>

in the same way {4,13) follows from (4.11).
In terms of the linear basis (H,V), the scattering matrix
[S(HV)] fully describes the scattered depolarized field, with the

incident field given, by

I w
X

= [s(Hv)] . (4.16)

<
<< -

o v
=

(4.17)

—w
#
—
o
—
el
~
S’
—

— -

Using the definition of the unitary matrix, it follows from

(4.16), (4.17), (4.13) and (4.15) that
[C(RL)] = [T(RL;HV)] [S(HV)] [T(RL:HV)] (4.18)

which transforms [S] to [C] through [T] defined in (4.11), and which

is of the form of congruence transformation.




Y

38
4.6 Curvature Recovery from the Circular Polarization [C]
If the unitary matrix in (4.12) is adopted, then (4.18) !
becomes
Sun ~ Sy . ~ Sun Y Sy
2 J Py J 7
[C(RL)] = (4.19)
. Sun ¥ Sy Sw ™ Shu .0 s
I 7w

i

provided that SHV = , which is true for the monostatic reciprocal case

SVH

(atso CRL =C, _). If conjugation in (4.14) is used to preserve

LR
the similarity of sense in both the scattered and incident systems,

then an examination of (4.18) reveals that reciprocity is satisfied,
i.e. [C] is symmetric(if [S] is symmetric). A different choice of [T]

may result in a different [C]. For instance,

1 +j
> (1] = %E (4.12")
1 -J
Sun_~ Swy v Sun * Sy
2 J Phy 2
then fc] = (L.19")
Suw * Swy T Sw
2 3 J Phy

Returning to the [C] in (4.19), in view of (3.5) to (3.7),

the matrix elements can be written as
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- u v . .
Cog = k AF(k) — [sin 20 + j cos 2a] (4.20)
K - K
€, =~ kA(K) -iLjﬁrii [sin 2a - j cos 2a] (4.21)
C.,=¢C., =-] s k2 A (k) (4.22)
LR RL 2m F ‘
Hence,
K - K 2 c.. ¢
(- vy = - k2 _LL _RR (4.23)
2 c 2
LR

which is an equation of curvature recovery from the scattering
matrix in circular polarization.

in terms of the linear

Expressing the ratio C,, C / CLg

LL "RR

polarization [S] elements,

S 2
c (1-52+ u(sﬂ)
R al (4.28)

c 2 (1+ %32

Combining (4.23) and (h.24),

K - K c c

MY oy gk (AR_RRE (4.25)
c
LR

S
(1 - %2, u( Hv>2
SHH
5 (4.26)
(1 + %)

H
'+

jk

Comparing (4.26) to (3.8), it can be observed that the unknown
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polarization angle o in (3.8) is being disguised in (4.26) and appears
in the form of SHV/SHH which is incorporated into the square root. Thus
one advantage of utilizing circular polarization over utilizing linear
polarization for curvature recovery is that the polarization angle
does not have to be determined, but still the entire scattering matrix
has to be measured.

It can be seen that for the case in which SHV =0 (a =0 or
90 degrees), (4.26) reduces to (3.8) and then (3.12). As in the
derivation of the phase-curvature relationship, the imaginary part

of the square root of C__ C.. / C 2 should give better curvature

RR “LL RL
difference and the real part should vanish, as frequency is increasing.
It is to be noted that under suitable conditions, quantities

such as the radar cross sections ¢ and quantities derived

RL* “RR’ 9LL
from them (e.g. (1 ~ B)/(1 + ¥)) yield meaningful measurables in
measurements of the backscatter of dielectric spheroids and hydro-
meteors [32,33,34]; in radar target discrimination techniques, the
quantity [CRR[!CLL( - |CRL|2 in [36], in view of (4.20) to (4.22), can

be interpreted as [-(l/Zw)zkh|AF(k)|2], which reveals area information

for a smooth, convex, conducting target at high frequencies.

4.7 Transformation Invariants of the Scattering Matrix

The transformation of [$] to [C] due to transforming the linear
basis (Q,Q) to the circuiar basis (&,E) can be achieved by introducing
the appropriate relative phase between the two orthonormal vectors of
the (H,V) basis in addition to rotation. To investigate if the transformation
is still invariant in changing linear to circular bases, the Det of both

sides of (4.18) is taken :




I

Det {[C]} = Det {[T]} . Det {[S1} . Det {[T]"}
= Det {[T]} . Det {[S]} . Det {[T]" 7"}
- e bet {[S])
= oJ2Arg(Det{[T]}) Det {[S]} (4.27)
From the general form of [T] given on page 33,
Arg(Det {[T]}) = ¢ + 0y = ¢2 + 03
Hence,
bet ([c1} = &2 ¥ 8w por sy (4. 28)
It can be easily proven that |Det {[T]}] = 1 for the unitary matrix

[T], but it is generally not true that the determinant of a unitary
matrix is purely real. Thus, the determinant of [C] is strictly

invariant iff Det {[T]} is purely real, i.e.
Det {(T1} = +1 (4.29)

otherwise the invariant differs only by a phase shift of 2(@1 + ¢h)'

For examples, the [T] given by (4.12) renders

2 2
CRr Ll T %RL T Swu Swy T Swv (4.30)

as is also evident from (4.19). The invariant value is the same as that
in (4.4) derived from the curvature recovery model, since the rotational
matrix possesses a real, unity determinant. On the other hand, the [T]

in (4.12') will not preserve strict transformation invariance, as is also
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evident from (4.19') (i.e. the determinants of [C] and [S] are equal
in magnitude but of opposite sign).
To show from the curvature recovery model the invariance of

Span {[C]}, equations (4.20)-(4.22) and (3.5)-(3.7) can be used to give

2 2 2
Span {[C]} = [Cppl” + 1cLL| + 2|cRL|

2 2 2
[Spal” + I5ggl”™ + 21,5

sPan {[S]} y

which equals the invariant value in (4.3).
It can be shown that the span is in general invariant, regardless
of whether (4.29) holds or not. Denoting the trace of a square matrix

(i.e. the sum of the diagonal elements) by Tr, it follows that

L

w

Tr {[C] [C]}

Span {[C]}

T LIT1s 11Ty (From (4.18))

Tr {([[TI[S]IT

Tr ([T 181711071 )

E
”

[S] [S] is identified as the power scattering matrix [P] of [S]

(39,38], i.e.
[P] = [s)[s] (4.31)
Let [P'] be the power scattering matrix of [C], i.e.

P] = [c1[c] (4.32)

= (11 sy’ (4.33)

Hence,

Span {[C]} = Tr {[P']}
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= 1§ P!,
i
= I (P, [; TikT”]}
k 1 i
Since the set of conditions
2 2 _
lT]]] + ’TZI' =1
2 2 _
|T]2| + |T22| =1
T2 ¥ TyyTpp = 0
is equivalent to the definition of a unitary matrix, hence (after
some algebraic manipulation) it follows that
Span {[C]} = Pll + P,y
Thus,
Span {[C]} = Tr {[P']} = Tr {[P]} = sSpan {[S]} (L. 34)

4.8 An Interpretation of the Scattering Ratio

The radar cross section It has been defined in [41] as follows :

r

o, = |n". [s]ht)? (4. 35)

re =

where bﬁ is the transmitting polarization vector and hr is the antenna
height [20]. In this definition, bf and ﬁr are normalized to unity. It
has been shown in [20] that for radar systems that use identical transmitting

and receiving antennas, the radar cross section is maximum if

[Slh = A_h (4.36)




where h denotes the antenna polarization which yields maximum power
reception, and g denotes the complex eigenvalue of (4.36). Moreover,
the scattering matrix can be diagonalized by a change-of-basis unitary
transformation, using a unitary matrix which consists of the eigen-

vectors of (4.36) 20,42 . The diagonalized form of [S] is

[S

4!

where A_, and \_, are the eigenvalues, with ‘As1‘ > [Aszl. The maximum

radar cross section is given by [20]
2
| (4.37)

The corresponding monostatic power scattering matrix is thus

diagonalized too :

K

(Pd] = [Sd]“ [Sd] {from equation (4.31))
hl1? o
2
| Pl |

By the invariance properties of [S],

Span {[S]} = Span {[S ]}
2 2
= Dal™ * Dol (4-38)
= Tr ([Py])
= Tr {[P]} (4.39)
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Assuming (4.29) for strict invariance,
Det {[S]} = Det {[Sd]}
!
}
? - Asl AsZ (4.40)
Therefore,
p = Det {[s]}
Span {{S]}
X o, A
s1 "s2
= 4. 4
itz , o2 (4.41)
For high frequencies, it has been shown in this thesis that
D = 0.5 ¢l2Ar9 Ap(K) (4. 42)

Comparing (4.41) and (4.42) and assuming that frequency is increasingly

high,

gl =+ g, (4. 43)

and Arg Asl + Arg AsZ + 2 Arg AF(k) (L. 44)

Combining (4.37), (4.39), (4.41), (4.42) and (4.43),

Tr {[P]} = 2¢ (L4.45)

max

for high frequencies.
Accordingly, |D| may be interpreted as the ratio of the maximum
radar cross section to the trace of the power scattering matrix.

The power scattering matrix has been defined by Graves in [39] and
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represents the total power backscattered from the target for any

transmitting polarization.

To conclude this chapter, it is to be noted that the invariant
transformation can of course be extended to the more general elliptic
case. The scattering ratio has tacitly been extended in its definition
to the general elliptic polarization in Section 4.8. Equations (4.7)

and (4.10) which describe the behavior of the scattering ratio are

thus generalized.




CHAPTER V

NUMERICAL VERIFICATION

5.1 Data Description

Both theoretical and experimental data are available to verify
the spacial case of the phase-curvature reiationship (3.12), i.e.
the case in which the incident polarization coincides with one of ]

the directions of the principal curvatures at specular points on

the equator of the prolate spheroid. The theoretical data was obtained
by a time~domain synthesis of the impulse response technique [i5].

The solutions generated by this technique were checked against

other theoretical solutions [8,16] with excellent agreement [15].

The theoretical data were converted in the form of amplitudes and
phases of the elements of the scattering matrix. The experimentai

data were measured at the Electro-Science Laboratory of the Ohio

State University (ESL-0SU). The experiments were conducted [28] on a
frequency-domain range yielding the backscattered returns SVV and

S ...

HH and S, being zero in tnis case). The 'size' of the prolate

SHV
spheroid used in the experiment was 6 inch : 12 inch, and the data
were measured for two principal polarization cases in which a =0
(VW or TE) and a = 7/2 (HH or TM) for aspect angles from 0 {nose-on)
to SO degrees (broad-side on) in steps of 15 degrees (Figure 3.2).
After measurement, the data were smoothed. Two of the smoothed
frequency-domain data blocks, namely, the 2-4 GHz block and the

L-8 GHz block, were used in this thesis, covering a range of 3.19

to 12.76 in terms of the values of kb (2r/% .b). The error bounds
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on the experimental data were specified to be + 2 dB in magnitude

and + 10 degrees in phase data.

5.2 Direct Verification of the Phase-Curvature Relationship

5.2.1 Theoretical Data

A typical result obtained with the theoretical test data is
presented in Figure 5.1. In Figure 5.1(a), the right-hand side of
(3.12) is plotted against kb (in steps of 0.1 from 0.1 to 18). From
this graph It is clear that as frequency increases, the phase-
curvature relationship becomes more accurate. The aspect angle is
90 degrees (broadside incidence), and the corresponding curvature
difference divided by two is 0.375, to which the right-hand side
of (3.12) converges. In Figure 5.1(b), the real part of (1 - B/ + B)
multiplied with k approaches zero. Although not presented in this
thesis, the real part itself (without the factor k) converges to
zero at a much faster rate, particularly at large values of k. In
Figure 5.1(c), the imaginary part multiplied with k tends to the
value 0.375. The scattering chart (imaginary part versus real part)
is shown in Figure 5.1(d). As predicted, the plot is indeed a
spiral which, as k is increased, converges to the point (0, -0.375)

on the imaginary axis.

5.2.2 Experimental Data

An extensive amount of testing of the phase-curvature relation-
ship has been conducted with the experimental input data. It was

realized that because of the nature of the tangent function, a direct
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test of (3.12) with input data which have a + 10 degree error in
phase measurement, is not very useful in a graphical presentation.
Thus the complex plane plots of some typical measurement data are
presented in Figures 5.2 to 5.4,

The plots in Figure 5.2(a) (i) to (iii) are the experimental
versions of the theoretical plots in Figures 5.1(d), (b) and (c).
Figures 5.2(a)(i) does indeed hover around the predicted point on
the imaginary axis. This behavior is not so clearly visibie in Figure
5.2(b) (i), where according to the theoretical predictions this plot
should have given better results for the higher frequency range.
This discrepancy is mainly attributed to the following factor :
the phase error magnified through the tangent function gets even
more magnified through the multiplication with large values of k.
The plots shown in Figures 5.3(a) and (b} are for the nose-on
incidence case (¢ = 0) for which there is no polarization
dependence and (Ku - Kv)/z vanishes. Figure 5.3(b) is of the 4-8
GHz block. The case presented in Figures 5.4(a) and (b} are for
¢ = b5 degrees, which is representative of a typical aspect. Once
again, the results for the 4-8 GHz block are not as good as the
2-4 GHz block.

it is to be noted that the relative phase error mentioned in
Chapter 1V becomes significant at high frequencies. Figure 5.5 shows
the effects of an error of 0.5 millimeters between the TE and the
TM antenna positions along the direction of propagation. The error

is simulated within the theoretical data. The scattering chart of
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Figure 5.1(d) now changes from a spiral to a helix elongating mainly

along the imaginary axis and away from the exact value of (Ku - Kv)/2.

If the error is negative, the helix elongates in the opposite direction.

An observation of the scattering charts of the 4-8 GHz block reveals
that the plots somewhat look like a helix rather than a spiral. Thus,
the relative phase error partially explains that, for the 4-8 GHz

data, the scattering chart deviates more from theoretical prediction
than for the 2-4 GHz data. It is to be noted that in the 4-8 GHz block,
there were many data points for which accurate results were found. In
general, all the experimental tests and the theoretical data supported

the approximate phase?curvature relationship well.

5.3 Verification of the Scattering Ratio D

5.3.1 Theoretical Data

A complex plot of D (imaginary part versus real part) with the
theoretical data as input is depicted in Figure 5.6(a). For high
frequencies, the phase of D, in theory, converges to a constant
value of 2 Arg AF(k)' However, a circle rather than a cluster of
points of phases around 2 Arg AF(k) results. This is due to the fact
that the phase fluctuates rapidly at frequencies not high enough.
Even the range of frequencies covered by the set of theoretical data
(kb up to 18) is not sufficiently high to show the convergence. As
predicted, the radius of the circle is indeed 0.5. In Figure 5.6(b),
only :the-amplitude of D is plotted versus kb. Clearly, the amplitude

converges to 0.5 even at low values of k, in contrast to the behavior




of the phase of D.

5.3.2 Experimental Data

Figures 5.7 to 5.12 are the experimental versions of Figure
5.6. Figures 5.7 to 5.9 cover the frequency range from 2 to 4 GHz,
with aspect angles being 90, 0 and 45 degrees respectively, whereas
the rest cover the frequency range from 4 to 8 GHz. All the complex
plots of D depict an envelope circle of radius 0.5. The nearer the
data points to this envelope, the more accurate they are (for high
values of kb).

It is interesting to observe that both Figure 5.12 and 5.4(b)
show that the data block of 4-8 GHz of 45 degree aspect is least

accurate among the experimental data blocks.
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CHAPTER VI

CONCLUSION

In the high frequency limits, the phase terms of the polarimetric
scattering data have been used to determine the difference between

the principal curvatures at the specular point. It is also known

that the geometric optics backscattered cross-section is related to

the geometric mean of the principal curvatures at the specular point
(for smooth, convex objects at least [6D. Therefore, it should be
possible to combine the above two concepts and determine the values

of the individual principal curvature at the specular point. Further,
by judicious use of differential geometry (e.g. Minkowski's formulation
or Christoffel-Hurwitz formulation, etc.), these curvature values

may yield the actual profile of the scatterer.

It must be pointed out here that the phase-curvature relationship
concept does require a smooth, convex, well-behaved surface structure.
If there are edge or other singular types of source contributions to
the backscattered signal, curvature recovery with the method of this
thesis will not be accurate. However, in the most recent development
of radar target discrimination [5] the relative phase difference of
the like polarized elements has been found to provide one of the
most important classifiers for discriminating a smoothly (undulating)
curved surface from a discontinuously rough surface with sharp edges.

It is found that there are several probable reasons why the 2-4

GHz experimental data give more accurate resuits than the 4-8 GHz data.
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They are the tangent function in (3.10), the k factor and the relative
phase error, which all become more significant at higher frequencies.
Thus, the phase measurement needs to be very accurate and more
accurate methods of obtaining the complete broadband polarimetrié
scattering data should be investigated.

It seems that not only is the 2-4 GHz range valid for the
first order correction to physical optics for a 6''x12" prolate spheroid,
but it is also a compromise range between the high frequency condition
required by the curvature recovery model and the drawback to lower
frequencies required to prevent critical magnification of measurement
errors. At too high a-frequency, the product of k and the tangent
function will lead to erroneous results from measurement data.

Although the curvature recovery model is restricted to
conducting scatterers, it may be possible to extend the model to
dielectric scatterers, since the space-time integral equation, on
which the model is based, has recently been extended and applied
to dielectric bodies by Mieras and Bennett [37].

in concluding, both the amplitude difference and the phase
difference of like-polarized elements of the scattering matrix in
linear polarization tend to zero at high frequencies, yet the phase
difference, however small, does contain curvature information of
the scatterer. Regardless of the type of orthogonal polarization
bases, the phase sum tends to a constant value which is twice the
argument of the Fourier transform of the silhouette area of the
target. The phase sum also tends to or equals the argument of the

scattering ratio defined in this thesis. The magnitude of the




PP
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scattering ratio, whose definition is independent of whether linear,
circular or general elliptic polarization is used, approaches 0.5
rapidly as frequency is increased. The magnitude of the ratio is
interpreted as the ratio of the maximum radar cross section to the
trace of the power scattering matrix. The complex plots of the scattering
ratio provide a simple check on the accuracy of high frequency
polarimetric measurements. Another curvature recovery equation has
heen derived in circular polarization basis vector notation. The
curvature recovery model is proven to satisfy the image reconstruction
identities of invariant transformation. Finally, the values of kb

from 3.19 to 6.38 have been found to be most potentially suitable

for curvature recovery of the 6''x12" prolate spheroid (and probably
targets of similar size and shape), provided that polarimetric
measurements can be improved to a better accuracy, and that further

correction to physical optics approximation can be obtained.
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APPENDIX |

DERIVATIONS OF EXPRESSIONS FOR PRINCIPAL CURVATURES FOR PROLATE SPHEROIDS

Let the semi-major axis of the prolate spheroid be C, and the
semi-minor axes be a and b, such that C > a = b.

-
Let r(u,v) be a curvilinear mapping to represent the surface

of the prolate spheroid. A set of parametric equations are

x = a sin ucos v
y =b sinucos v
z =0 cos u

In vector form,

T = (a3 sin u cos v) i+ (b sin u sin v) j + (C cos u) k
a—)

35 = (a cos u cos v, b cos u sin v, -C sin u)

a—)

3€-= (-a sin u sin v, b sin u cos v, 0)

By definition,

[+%]
ay
Q>
2

|
l

Q
c
@
[

= a2 coszu + C2 sinzu

> >

G=2L é_r..
av ~ dv
2 .

= a SiIn u
3—» a—»
r r

F=30 3

=0




F =0 implies that the u, v parametric curves are orthogona
to each other.

Let n be the unit vector normal to the surface.

.2 L2 :
(bCsin“u cos v, aCsin“u sin v, absin u cos u)

95
1

v b Czsinhu coszv + azczsinﬂu sinzv + azbzsinzu coszu}

2.
;—% = (-a sin u cos v, -b sin u sin v, ~C cos u)
u
2
5 = (-a sin u cos v, -b sin u sin v, 0)
RRY;
" 'Zr - -al
vu2 ftczsinzu + azcoszu}
N ,ZF - - aCsinzu
'vz v{Czsinzu + azcoszu}
3%y
— = (-a cos u sin v, b cos u cos v, 0)
3%
Iviu 0

By definition,

,_
"
30
(o)
[ e i

(=%
c

- at

f{azcoszu + Czsinzu}

2»
yr

dviay
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2>
Naa _3__!"
v
_ - aCsinzu
= )
V{acos“u + ¢Zsinu}

M=F =0 implies that the lines of curvatures are the u, v

parametric curves chosen. Thus,

< L
Ku 3
- - al
(azcoszu + C2<5in2u)3/2
.
Kv TG

- C

a/{azcoszu + ¢2sinZu}

and the Gaussian curvature

=

"
=7<
Fal

Without loss of generality, consider the x-z plane:
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The point P(x,z) with an aspect angle ¢ , as shown in Figure

A(1), can be expressed in terms of ¢, by solving

and x2 z2
Sy =1
a2 C2
Thus,
;= aC
/{Cztan2¢ + az}
X = aC tan ¢
/{Cztan2¢> + a%}
Consequently,
K = - aC
u [Cbtan2¢ + aH]3/2
Cztan2¢ + a2
- C
K =
v 5 2 4

Ctan ¢ + a

For a 2:1 prolate spheroid, C = 2a. As an example, suppose

& = 90 degrees, hence

_ 1
Ko =" Ta
K = -+
v =]
K - K
u v




Figure A(1) Geometry of Prolate Spheroid for Curvature Calculation




Since k, the wave numbeg has been normalized in the

phase-curvature relationship, a is set to unity here in conformity.

Thus,

Ko =K =o0.375
for broadside incidence.
Other values of curvature difference can be similarly

evaluated once the aspect angle ¢ is specified.
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APPENDIX 11

COMPUTER PROGRAMS

(a) for computing curvature difference and plotting Figure 5.1(a)

(b) for plotting the scattering charts with theoretical and
experimental data

(c) for plotting the scattering ratio D




RELEASE 2,0 MAIN DATE = 82136 107465720
C
C

(aYala¥aTa)

THEJDRETICAL VERIFICATION, DATA FRCM V90,THEORYDAT A
ANDC HOO sTHEORY JDATA
HIGH FRZQUENCY PHASE/CURVATURE RELATIONSHIP VERIF ICATION
FILE NAME: 3222232222322 22 CURV.THEDRY.CNTL
N = NOe¢ CF FREQUENCIES OR DAT A
FOR ORCLATE SPHEROID., A=z28=2C
ASPECT = PH]
CIMENSICON PHIV(180), PHIM(180), RHS(182)
REAL X(182), KO .KS
C=1.
8=C
A=2,0&C
N=180
K0=0.1
KS=0e.1

PI=3,08ATAN(] ,0)
THIDEG=90.
THI=THIDEG®(P1/180.
PHIDEG=90.
PHI=PHIDEG*(PI/180

- .
READ (8.15) (PHIVI(I), I=1.N)
RZAD (9415) (PHIH(1), I=1 ,N)
15 FORMAT({ 2(10XsF1043)
PRINT 1t
I FOFMAT(%0? ,10X, *PHI VS, 3I6EX, 'PHIH, IN RACY)
D0 3 I=1.N
3 ORINT 9o PHIV(1)e PHIH(L])
e FORMAT(*)s, 10Xy F10e3, 30X, F10.3) !
ZT =S IN(THI )sCCS (PHI])
ET=SIN(THI)®SIN(PH]I)
AK=COS{THI)
Bl =88 SIN(PHI)SSIN(PHI )¢ A% ASCOS (PHI ) #COS (PHE)
Cl=(A®A=32R ) sSIN(PH]I )&COS(PHI]) (
ClL=A%ASSIN(PHI )SSINI(PHI )¢+ B¢ 8xCOS(PH] ) 2COS(PH]) [
Gl =AsAwBxB/81 .
+l=CleCl/(B1l3R1)=-D1/B1 t
TAU=ABS (A ASBS RSB sSIN(THI)ISS INITHI )/ (CL15C1-B1%01)~-CoC*COS(THI «
¢

1852 )8( 38B=CsC )+ ((D*ET )2s2)s(AsA=-C¢C) Jus2
SEET I 2 ) s (A*A=CEC )+ ((CPAK )32 JE(ASA-023))8s32
T)IS®4 ) S ((ASA-CEC )822)=25( (ASZT)S22 )8 ((CxAK)S%2)% (AS A~

)
sP/((AxB%C)*%2)

DN

ZNNwlun

99,
Q9 739“;7('0‘ EXACT CURVATURE DIFFERENCE BY 2 IS ¢, F10.6) t
PRIN 5
S FORMAT('0?, 8X, *NORMALIZED K?*, 30X, ?CURVATURE OIFFERENCE BY 2 FR
CCM PHASE?®)
CO 6 1=1,N
K(I)=KQ¢(l~-1}
ARG=(PHIM(T)
RHS(1)=K(] )%
6 CONTINUE

| X 2. 8 '
= PHIV(]))/2.
TAN(ARG)
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DO 7 I=1 N
PRINT 8¢ K(1), RHS(1)
FORMAT (008, 10X, F9.2, 30X, F15.,6)
PRINT 9, PHIDEG
FORMAT(%0®%, *THE ASPECT ANGLE HAS BEEN 8, F10.6, * DEG*)
PRINT 12, THIDEG
FIRMAT( 0! *ANGLE ™1 =0 ,F10.6, *DEG?)
BRINT [ 0s KOy KS
FORMAT(®O0® 3 STARTING NORM K = " oFl0eS5e *s STEP= ¢, F10.5)
CALL SGNPLT(S,CURVA)
CALL SCALE(K,12.0,180,1)
CALL SCALE(IHS.2,0+180,1)
CALL AX1S 00e0¢ *NORM K?,~6,12:00060K(1
caLL ax!} 0e0e*'RHS?® 43 48.0:50.0.RHS (1381
CALL LIN e180+s1,1,8)
PRINT 2? oXK{182),RHS(181) ,RHS(182)
(o]
]

o b
R~
-

NOTERMe I1DIEBCODIC+SOURCEWNOLIST'NIDECK s LOAD sNIMAP ,NCTEST
NAME = MAIN o LINECNT = 50

SIURCE STATEMENTS = 70.PROGRAM SIZE = 5908
NC DI AGANCSTICS GENERATED
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CELFALE 240 MAIN DATE = R213s 10/53/3a
- CHAUNDHURL®S SCATTSRIING CHART
COFILE NAME 1322812022 iKCHARTY (THEDSRY JONTL
C IATA TA € READ FRJIAM VIV sTHENRYDATA AND HOO THECPYDATH
1 = Ve CF FREQUENZTIES NR DATA
C WAOLATE SPHE!O!D
YIMENSICN AMAVIL3I0)s AMPHM(130), PHIVI1A2), PHIM(19N) 1
HEAL K{142)eXJs<3e WP(132), [P{1E2)y K?3(192)e XID(182)
COMIILEX CJy S¥MI_ Ky CEXD 4 ONIM, RDFN, F(190)
4=13) }
KQ=7%41
320,41
CI=CHMPLX(Nede 1)
ﬁl:c.‘ATAN(l-)
THIDJDEG=7 4
DHLIEG=90.
PIZANC 2410 2CAMPY () e PHIVIT) s I=1eN)
LA Do L FEAMIMCL ) o PHINH(T) o I=14N)
It FCLAAT(oF1NH)
D7 2 I=1WN
<{l)=kCe(l=-1)%<3
POIFF=P4IH(TI )=-34[V(])
AV=AMIH( () /7Aa434(])
NS AS ] 4 =AMECELI( T IRODFF)
TN L o P \MECTILI(CYRIDLIFF)
FTI )=ty a730EN
RIAIL)y=wiaAL(F(L))
I2¢1)=a14AG(F (1))
«<2( 1=K (1)&«W3([)
<Io{1)=<(1)el2(])
2 CCNTINUG
DIINT 32
J FORAAT( IV g "NC /AL I ZED KV o1 3K, *2EALY ¢ 19X 4" [MALTHADY S DSX, WD
13X "HIMAGY)
D3 % I=1 4N
4 2INT Se A(lLYe WULLYs I72(1)e XA2( 1)y KIN(])
3 FTXMNAT( P00 gF 106242 1heFl8e7,8X4F14e7s1IXFl8e7413X,F148,7)
caLtL iuNDLT(S. Z<4ART)
SO ITIR) SCALE FOR AW 1 H1AGINARY~RFAL CLUST‘R oLNTS "W 'JSEN
o1 NER ’L.uTc HAVE NI JNIFIED SCALE
o TO OCMOYE UNIFIED ALK FOR IMAG-REAL CLUSTER OLrTS,
1 4JST JIFLETE THE FC._.CAaING 4 FNPTQAN STATEMENTS,
« AMD O INSEIT 2 SUTBF JLIINT 3CALE . AS FILLCwSS
LOCALL SCALE(KD9P,33s13241)
ALl SCALE(K[Pe8e 2413241

ARI(131)==2,)

LI1P(181)=-24)

A L1UH2) =N,

XIF(la2)=V6e5

CALL AZ[53(NaN 036D '<HREALY Y ~1 3860 40eNyFRP (181), 2))
CALL AXYTS5(ae7,5360 'KIMAP.‘iIHOO|)OIO'Kr (131). 2))
CALL LINE(KIR 3412913091404 8)

TALL ErORLT

CALL NGUPLT(S5, WEALPT)

CALL S3CALF (K 912,0013001)

CALL SCALEIK T 4247,190,1)

CALL AX[353(06)3)eD9'NCRM K? 4=54312,007e04K(131)sx(132))
CALL AXTIS{0e)eYeQe'XKRE®T,8,0e30eDXKRP(18])xIWP(132))
CALL LINE(KK12,130¢1:044) i
CALL ENDNPLT
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CALL
CALL

8
4
CALL S
A
A
L

[

catLL
TALL
CALL
caLL &
UINT
FNRVWATL(
SRINT S
FCRAAT(
PRINT §
FNRAATI(
PRINT 99
FORMAT(*n?
PIINT 992,
FNUAT(* 0O
IIINT 993
FORAAT(*O"*,
DALNT S8, (A
FCRAAT( 0, 1
2THo
FND
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[eXe)

N2ZmXxX XN
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Wul TNc<a

[} Z THI =0 ,FB 3, ' ULEGREFS*)

Hiboth

- ol

3ECT ANGLE = '+FRe* DFGRFESY)

- oe oo
eX «T
PAILWL 70

Vi 4 o

ING NNRMALIZED K =! 4F10eSe? STZO=',F10.5)

s ! JRIGINAL VERTICAL PCLARIZATINN CATA?)
(A4 DePHIV(I) s I=1,4N)
o

AL RORIZCNMTAL POULARTIZATINN DATALY)
H(I)sI=1aN)

—-Z

NCTERMG IO FIZ2ITe5JIRCEMOLIST I NODECKLIANSNMMAD NDTFST
SNAMTI = MAIIN s LINECNT = 50

A9 +PRCGRAM SIZE = 10736
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CHAUDHUR]
FILE NAVE

PRCLATE SPH

JLIFLIED SCALE FOR
JTHER 2LQ30TS HAVE N\
TC REIVE UNIFIEC

AN AAN

»
"
P 4

DATE = A2134

CHART
CHARTJOUNTL
IR DATA

L XY ]

KIwG MeelZ X
* DU WVIXE

1 ]
NCe CF
RO
DNIMSKSICN
REAL X(202).
CIONDLEX CJo
N=230
\N=3,
CING2,54/1C Qe

PH
P

~- N
]
>
-~

[ 2
low
l\)"\

Nwwe
MNe

AMDNH{200), PHIV(200),
I19(202)s KRP(202), K1
XPe¢ RNUM, RDEN, F(200)
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ORINT 9, K(I 1IP(L)s KIP(L), KIP(I)

F e a

-’rwo»
(W]
QUmC PCIrMIe D

R TMAG-REAL CLUSTER PLCTS,
4 FORTIAN STATEUENTS,
CALF s AS FTLLCAS

DOLalrL ph~
o o MrsMetos T po va

Z MZT-Ax~
A Nrepwe o

)
JfLuT; YWE F
B1F
.
L J

twiv eyt

- g

KREP(29

Xjo(29

K3IP(2)

KIP(20

CALL A Qs *KPEALY 4 =3 +8004060:KR2(201)k2P(202)
A QO.KI"AG"J.e.o.QOOQDK‘p(ZOl,OK!D(z 02
L Pe200¢1:00¢8)
E

CALL
CALL
caLL
CALL QOGN
CALL SCAL
CALL SCaL

z.-—n--w—
VO9Muw it nwun

MM ea~enN |

11702731

Cm m o e s

s INCIMALIZFED KT o19Xy *REAL® 41 IX, " IMNAGINARIY? (285X, 'XKDIFAL*,
G*) '

FlAe7:5XeFlae7,13XeF148,7:15%,F14,7)
INARQY=-PEAL CLUSTER PLETS NOw YYSED




caLL
cacc
cAaLL
caLL
caLL
cAaLL
caLL
CALL
CALL
caLL
CALL
PRINT 354
FORAAT( 00,
DFINT 553,
FARMAT(10°,
PRINT S55,
FCRYAT(*0Q,
PRINT SS6,
FORWAT('0",
PRINT 991
FOIMAT(® 0,
OAINT 992, (
FCRMAT(*0"*,
OQINT 993
FORMAT(' 0,
SRINT 994,
FOQMAT(*0Y,
STCO
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WHLEASE 260 AN DATE 3 A2134 11702701
FeC 'S 3CATTIERING RATlg
FILE NAMEIII3323223 2328 tRATINJTHEIRY JCNTL
JATA TO dE READ FAM VINJTHEORYLDATA AND HI0 THENORY,DATA
H — NQ. CF FREQUENCIES JR NATA

VR TLATE SPHERNLD
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3
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GEE

ODIMENSION AMPV(13J), AMPH({13D), PHIV(]1130)
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PRINTY 99
A9l F) MAI?'a’. *THE JRIGINM. VERTICAL OCLARIZATION DATAL®)
ORINT 9924 (AMPVY(I) +PHIVIT)oI=1eN)
9u2 FORMAT('0's 10F710,.3)
PRAINTY 993
NG3 FIRVMAT( ¢ ¢ THT JILSIMNAL HNARIZCONTAL POLARIZATION JATAZ?Y)
PRINT 994, (AMI4( 1) +PHIMIT) oI =1,N)
Yia FCRMAT( 0, 10F10413)
ST
FND
EFFECT®  NOTERMe IDeENCIIZoSAQUPRPCEsMTLIST e NODECKJLIAN (NOVAD (NTTFST
SFE-CT® SNAME = MALIN » LINECNY a 50
: SAURCE STATEMENTS = 6 3,PRIAGRAM SIZFE = 10518

NT JIAGNISTICS GENERATED




APPENDIX 11}

THEORETICAL DATA

(obtained from Dr. Sujeet Kumar Chaudhuri,
Department of Electrical Engineering,
University of Waterloo,

Waterloo, Ontario,

Canada, 1981)
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APPENDIX 1V

EXPERIMENTAL DATA

(obtained from Dr. Jonathan D. Young,
Electro-Science Laboratory,
Department of Electrical Engineering,
Ohio State University,

Columbus, Ohio, 1982)
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